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It is well known that external magnetic fields and magnetic moments of impurities both suppress
superconductivity. Here, we demonstrate that their combined effect enhances the superconductivity
of a few atomic layer thick Pb films grown on a cleaved GaAs(110) surface. A Ce-doped film,
where superconductivity is totally suppressed at a zero field, actually turns superconducting when
an external magnetic field is applied parallel to the conducting plane. For films with Mn adatoms,
the screening of the magnetic moment by conduction electrons, i.e., the Kondo singlet formation,
becomes important. We found that the degree of screening can be reduced by capping the Pb
film with a Au layer, and observed the positive magnetic field dependence of the superconducting
transition temperature.
In 1914, Kamerlingh Onnes reported the destructive
effect of a magnetic field on the superconductivity of Pb
and Sn [1]. Today, it is conventional wisdom that exter-
nal magnetic fields, as well as magnetic impurities, break
the time-reversal symmetry of Cooper pairs and tend to
suppress superconductivity. There are two mechanisms
responsible for this: the orbital effect (OE) and the para-
magnetic effect (PE) [2, 3]. In the case of a superconduc-
tor containing magnetic elements, localized magnetic mo-
ments are also affected by the magnetic field. This should
lead to an additional effect on superconductivity while it
is usually obscured by OE and/or PE. For atomically thin
or layered materials, OE can be eliminated by setting the
magnetic field direction parallel to the conducting plane.
Recently, it has been demonstrated that the reduction of
the superconducting transition temperature Tc due to the
parallel magnetic field H‖ is extremely small (∼ 1% for
10 T) in ultrathin Pb films grown on a cleaved GaAs(110)
surface [4]. The suppression of PE was explained in terms
of the spin precession due to the Rashba field [5, 6], which
allows nonmagnetic scattering by defects to mix the spin-
up state and spin-down state [7]. In this study, we em-
ploy ultrathin Pb films as the host superconductor to
minimize OE and PE, which act directly on conduction
electrons, and investigate the magnetic-field effect on su-
perconductivity related to magnetic impurities. For films
with Ce, we observe pronounced positive H‖ dependence
of Tc. Furthermore, in a Pb-Ce(10 at%) alloy film, H‖
actually induces a quantum phase transition from the
normal state to the superconducting state. These results
are consistent with a recent theory by Kharitonov and
Feigelman [8]. In the case of deposition of 3d transition
metals, the exchange coupling is strong and the localized
moment of an adatom is expected to be screened by con-
duction electrons, forming the Kondo singlet state [9].
We find that the exchange coupling is weakened on a Pb
film covered with a Au layer and observe the positive H‖
dependence of Tc for Mn deposition.
The films were grown by vapor deposition onto a non-
doped insulating GaAs single-crystal substrate, which
was cooled down to liquid helium temperatures to avoid
grain formation and impurity segregation. In the case
of pure Pb, superconductivity can be observed even in
the monolayer regime due to an atomically flat surface
of the cleaved GaAs substrate [4]. Current and voltage
electrodes were prepared in advance by the deposition of
gold films onto noncleaved surfaces [10, 11]. The cleav-
age of GaAs, the deposition of metals, and resistance
measurements were performed in situ under ultrahigh
vacuum conditions. Since the superconducting transi-
tion temperature Tc did not change when the film was
left overnight, we believe that the base pressure was low
enough and contamination effects were negligible. The
amount deposited was measured with a quartz crystal
microbalance and determined with an accuracy of about
5%. The four-probe resistance of the ultrathin film on
a cleaved GaAs(110) surface (4 × 0.35 mm2) was mea-
sured using the standard lock-in technique at 13.3 Hz.
The magnetic-field direction with respect to the surface
normal was precisely controlled using a rotatory stage
on which the sample was mounted, together with a Hall
generator, a RuO2 resistance thermometer, and a heater.
The sample stage can be cooled to 0.5 K via a silver foil
linked to a pumped 3He refrigerator. All the data were
taken when the temperature of the sample stage was kept
constant so as to ensure thermal equilibrium between the
sample and the thermometer. The magnetoresistance ef-
fect of the RuO2 resistance thermometer was systemati-
cally calibrated against the vapor pressure of the liquid
3He or 4He for various temperatures [12]. After the cor-
rection, Tc can be determined with a relative accuracy of
better than 0.2%.
First, we studied the superconducting transition of a
Pb film with an average thickness of d = 0.65 nm for
different amounts of Ce deposition. While Tc decreases
monotonically with increasing Ce coverage [13], the sup-
pression rate is small. Even for a coverage near one mono-
layer, Tc decreases only by 40% (from 3.2 to 1.9 K). To
enhance the exchange coupling between the localized mo-
ment of Ce and conduction electrons, we prepared two
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FIG. 1. Superconductivity of Pb-Ce alloy films enhanced or induced by parallel magnetic fields. (a) Sheet resistance Rsq of
F1 (7.3 at% Ce) versus T for different H‖. (b) H‖ dependence of Rsq of F1 at different temperatures. (c) Rsq of F2 (10.0 at%
Ce) versus T for different H‖. (d) Expanded plot of the zero-magnetic-field data in (c). (e) H‖ dependence of Rsq of F2 at
T = 0.50 K. (f) H⊥ dependence of Rsq of F2 at T = 0.50 K for different values of H = (H
2
⊥ +H
2
‖)
1/2.
Pb-Ce alloy films (F1 and F2) where Ce atoms are ex-
pected to be dominantly surrounded by Pb atoms. They
are 1.1 nm thick (approximately 3 atomic layers) and
were formed from threefold alternate depositions of Ce
and Pb. Figure 1(a) shows the T dependence of the sheet
resistance Rsq of F1 (containing 7.3 at% Ce) for different
values of H‖. At zero magnetic field, superconductivity
is strongly suppressed and Rsq becomes zero only below
0.6 K. With increasing H‖, however, the superconduct-
ing transition obviously shifts to higher temperatures.
In Fig. 1(b), Rsq is plotted as a function of H‖ for fixed
temperatures at which the H‖-induced resistance drop is
clearly observed.
Figure 1(c) shows the T dependence of Rsq of F2 (con-
taining 10 at% Ce) with varying H‖. At zero magnetic
field, ∂Rsq/∂T is negative and no superconducting be-
havior is observed down to 0.47 K [see also Fig. 1(d)].
This film becomes superconducting only in high parallel
magnetic fields. In Fig. 1(e), the H‖-induced resistance
drop at T = 0.50 K is shown. In the presence of the per-
pendicular magnetic field component H⊥, OE destroys
the superconducting state. Figure 1(f) shows the H⊥ de-
pendence of Rsq of F2 at T = 0.50 K obtained for differ-
ent total strength H . For large H⊥, Rsq approaches the
normal-state value irrespective of H . The superconduct-
ing region around H⊥ = 0 becomes wider as H increases
from 5.5 to 11 T, indicating the stabilization of super-
conductivity with respect to OE, as well as with respect
to thermal fluctuations.
Magnetic-field-induced superconductivity has been ob-
served before in several other materials [14–18]. Ex-
cept for the special case of a spin-triplet superconductor
URhGe [18], it was understood in terms of the Jaccarino-
Peter (JP) mechanism [19], where PE of a mean field pro-
duced by aligned local magnetic moments through the
antiferromagnetic exchange interaction is compensated
by the external magnetic field. However, this mechanism
is unlikely to account for our results. As described above,
PE is strongly suppressed in ultrathin Pb films, for which
the Pauli-limiting field is estimated to be on the order of
100 T. Furthermore, since the mean field is absent at
zero magnetic field, where the magnetic moments are ex-
pected to be randomly oriented, the JP model does not
explain why superconductivity is suppressed at H = 0.
The enhancement of Tc by H‖ in Pb films without
intentional impurities was reported in Ref. [20]. The
maximum enhancement reaches 13.5% at H‖ = 8 T for
d = 1.2 nm. However, no theory adequately explains
the positive H‖ dependence of Tc in pure Pb. For Pb
films grown on a cleaved GaAs surface, we did not ob-
3serve the enhancement of Tc by H‖ at least in the range
0.22 ≤ d ≤ 3.0 nm unless magnetic impurities were
added. This discrepancy might be due to the difference
in substrates and film morphology.
According to the pioneering theory of Abrikosov and
Gor’kov [21], the exchange scattering of electrons by mag-
netic impurities suppresses superconductivity. Recently,
Kharitonov and Feigelman (KF) have shown that the
pair-breaking effect is weakened by the polarization of
impurities in a magnetic field [8]. While the polariza-
tion increases the rate of scattering without spin flip,
it decreases the spin-flip scattering rate. The total ex-
change scattering rate is reduced from its zero-magnetic-
field value νs to νsS/(S + 1) as the magnetic field in-
creases to infinity. Here, S is the spin of the impurity.
It has been predicted that a magnetic field can induce
a superconducting quantum phase transition when νs is
in an appropriate range and PE is strongly reduced due
to spin-orbit scattering. In ultrathin Pb films, high spin-
orbit scattering rate is expected to be effectively achieved
by the combination of the Rashba field and nonmagnetic
scattering [7]. In Fig. 2(a), Tc in F1 and F2, which
is defined as the temperature at which Rsq is half the
normal-state value RN , is plotted as a function of H‖.
Solid curves are the best fits based on the KF theory,
assuming S = 1/2 for Ce and neglecting OE and PE.
The calculation well reproduces the experimental results
with only two fitting parameters, νs and Tc0 (Tc in the
absence of exchange scattering). The ratio ~νs/kBTc0
exceeds a critical value of 0.882 [8] for F2, while it does
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FIG. 2. Field-temperature phase diagram for Pb-Ce al-
loy films. (a) Circles are the H‖ dependence of Tc for F1
(blue) and F2 (red). Solid curves are calculations according
to Ref. [8] with S = 1/2. (b) Square of Tc for F2.
not for F1. The quantum phase transition is calculated
to occur at Hc = 2.7 T. Near the critical point, Tc varies
approximately as (H‖−Hc)
1/2. To see this, T 2c is plotted
for F2 in Fig. 2(b). The experimental data almost fall
on a straight line, which cuts the H‖-axis at Hc. Accord-
ing to the present calculation, Tc increases monotonically
with H‖ and approaches a constant value. This is in con-
trast to the JP mechanism, where the superconductivity
is suppressed again when the magnetic field increases fur-
ther.
While the exchange scattering in the Pb-Ce alloy films
strongly suppresses superconductivity, it has almost no
effect on the normal-state resistance. The exchange scat-
tering time τs = ν
−1
s (1.8 ps for F2) is 3 orders of magni-
tude longer than the transport scattering time τt, which
can be estimated from RN . Therefore, the Kondo effect
[22] cannot be the main cause of the logarithmic T de-
pendence shown in Fig. 1(d), which may be attributed to
the weak localization effect in disordered two-dimensional
systems [23].
The exchange coupling between a localized moment
and conduction electrons is much stronger for 3d impu-
rities than for 4f impurities. Although a small amount
of Mn or Cr strongly suppresses the superconductivity of
ultrathin Pb films, we did not observe the enhancement
of Tc by H‖ when we deposited Mn or Cr directly onto
the Pb film. This can be attributed to the formation of
the Kondo singlet state [9], which was not taken into ac-
count in the KF theory. The Kondo temperature TK , be-
low which this state exists, depends exponentially on the
exchange coupling constant J and can have a wide range
of values. For TK ≫ Tc0, the pair-breaking effect of the
localized moment vanishes and instead Tc is suppressed
by an effective repulsive interaction between Cooper-pair
electrons through the virtual polarization of the Kondo
singlet state [24, 25]. In this regime, the suppression rate
of Tc with magnetic impurities increases as TK decreases.
For TK ≪ Tc0, on the other hand, Tc is suppressed by
the unscreened moment and the suppression rate is pro-
portional to J2. We believe that the Pb-Ce films are in
this regime since the H‖ dependence of Tc is successfully
explained in terms of the KF theory. As schematically
illustrated in Fig. 3(a), the suppression rate is expected
to have a maximum as a function of TK or |J | [24].
To reduce the exchange coupling between the localized
moment and conduction electrons, a 0.3 nm layer of Au
was used to cover an ultrathin Pb film (d = 1.1 nm)
before Mn deposition. Figure 3(b) shows the T depen-
dence of Rsq at H = 0 for different densities nMn of Mn
adatoms. The suppression rate is 2 orders of magnitude
greater than that for Ce deposition [13] and superconduc-
tivity is fully suppressed for nMn = 0.06 nm
−2 (≈ 0.006
monolayer). In Fig. 3(c), the H‖-induced change in Tc
is shown. Besides the negative quadratic H‖ dependence
arising from PE, a small enhancement of Tc is observed
after Mn deposition. Since PE is expected to depend
4nMn (nm
−2) = 0.06
(b)
(c)
0.04 0.02 0.00
Pb
Au
Mn
Kondo temperature TK
or
Exchange coupling constant |J|
|∂Tc / ∂nimp|
TK ~ Tc0Ce
Mn on Au
Mn, Cr
∝ 1/TK
∝ J 2
nMn = 0.04
0.02
0.00
nMn = 0.04
nMn = 0.02
0.6
0.4
0.2S
h
e
e
t 
re
s
is
ta
n
c
e
 (
k
Ω
)
0
Temperature (K)
10 2 3 4 5 6
20 4 6 8 10
1050
Parallel magnetic field (T)
H|| (T)
−0.06
−0.04
−0.02
0
0.02
0.04
(d)
0.10
0.08
0.06
0.04
0.02
0
∆
T
c
 (
K
)
∆
T
c
 −
 ∆
T
c
P
E
 (
K
)
1050
H|| (T)
(e)
0
∆
T
c
 −
 ∆
T
c
P
E
 (
K
)
(a)
0.1
0.2
0.3
0.4
FIG. 3. Superconductivity of a Au/Pb film with Mn
adatoms. (a) Schematic dependence of the suppression rate
of Tc per magnetic impurity concentration on TK (or |J |). (b)
T dependence of Rsq of a Au/Pb film at H = 0 with varying
nMn. (c) H‖-induced change in Tc (∆Tc) for different nMn.
(d), (e) H‖ dependence of ∆Tc after subtracting PE. Solid
curves are calculations based on Ref. [8].
only on τt for strong Rashba splitting [26], it can be esti-
mated from the data for nMn = 0. After subtracting PE,
the results for nMn = 0.02 and 0.04 nm
−2 are plotted in
Figs. 3(d) and 3(e), respectively. The solid curves are
calculated based on the KF theory using S = 5/2 and
Tc0 = 3.90 K obtained from Tc for nMn = 0. The exper-
imental enhancement of Tc is several times smaller than
the calculation. This seems reasonable if the film is in the
regime of TK ∼ Tc0, where the localized moment is par-
tially screened by conduction electrons. In recent years,
there has been a great interest in the Kondo screening of
surface-adsorbed magnetic atoms and molecules [27–32],
partly due to their potential applications in nanoscale
spintronic devices. It has been demonstrated here that
the study of the H‖ dependence of Tc can provide valu-
able information on the degree of Kondo screening.
In conclusion, we observed a H‖-induced supercon-
ducting quantum phase transition in a Pb-Ce(10 at%)
alloy film. The H‖ dependence of Tc is well repro-
duced by the calculation based on a recent theory by
Kharitonov and Feigelman [8], who considered the re-
duction of the exchange scattering rate in magnetic fields.
This is in contrast to previously reported magnetic-field-
induced superconductors [14–17], which are attributed to
the Jaccarino-Petermechanism [19]. While the formation
of the Kondo singlet state [9] is not taken into account
in the KF theory, it becomes important for 3d impuri-
ties. We found that the degree of Kondo screening of Mn
adatoms can be reduced by capping the Pb film with a
Au layer, and observed the positive H‖ dependence of Tc.
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6SUPPLEMENTAL MATERIAL
Magnetoresistance effect of the RuO resistance
thermometer
The RuO2 resistance thermometer (RO-600) was man-
ufactured by Scientific Instruments (SI), Inc., which of-
fers a simple linear formula for a positive magnetoresis-
tance. It allows the correction of any apparent tempera-
ture, measured in a magnetic field of up to 16 T, to the
actual temperature with an error of less than ±1.6% for
a broad temperature range of 0.036 to 4.2 K. To obtain
better accuracy, we performed a systematic calibration
up to 14 T using the vapor pressure of the liquid 3He or
4He. Our measurements reveal small T dependence while
the variation is almost within the error bars for the SI’s
formula.
Pb film covered with Ce adatoms
As mentioned in the main text, we have performed
transport measurements also on a 0.65 nm thick Pb film
covered with Ce adatoms. Figure 5 shows the T depen-
dence of the sheet resistance Rsq at H = 0 for different
densities of Ce adatoms, nCe = 0, 1.9, 3.7, 5.6, 7.4 nm
−2.
Since nCe = 7.4 nm
−2 is comparable with the planar
densities of the bulk Ce(111) plane (8.7 nm−2) and the
bulk Pb(111) plane (9.4 nm−2), it corresponds to a cover-
age near one monolayer. The superconducting transition
shifts to lower temperatures with increasing nCe. As in
the case of the Pb-Ce alloy films, it can be attributed to
the exchange scattering of conduction electrons. In Fig.
6, Tc is shown as a function of H‖. The enhancement
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of Tc by H‖ is observed after Ce deposition. It increases
with increasing nCe while it is smaller than that observed
in the Pb-Ce alloy films (see Fig. 2(a) of the main text).
Au/Pb film with Mn adatoms
The T dependence of Rsq of a Au/Pb film with Mn
adatoms at H = 0 has been shown in Fig. 3(b) of
the main text. In Fig. 7, H‖ induced shifts are pre-
sented. Before Mn deposition, the superconducting tran-
sition shifts to lower temperature with increasingH‖. Af-
ter Mn deposition, on the other hand, it shifts to higher
temperature as H‖ increases from 0 to 4 T. As described
in the main text, the data were carefully taken under
thermal equilibrium with a RuO2 resistance thermome-
ter calibrated in magnetic fields. While Tc was defined
as the temperature at which Rsq becomes 0.5RN , the H‖
induced change ∆Tc does not significantly depend on the
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criterion resistance value. The H‖ dependence of ∆Tc
was shown in Fig. 3(c) of the main text.
Calculations based on the theory by Kharitonov and
Feigelman
In the presence of the exchange scattering, Tc atH = 0
is determined from the equation
ln
(
Tc
Tc0
)
+ ψ
(
1
2
+
~νs
2pikBTc
)
− ψ
(
1
2
)
= 0.
Here, Tc0 is the transition temperature in the absence of
exchange scattering, ψ(x) is the digamma function, and
νs is the exchange scattering rate at H = 0. This equa-
tion is equivalent to Eq. (1) in Ref. [8]. As νs increases,
Tc monotonically decreases from Tc0 and becomes zero
for the critical scattering rate ν∗s = piTc0/2e
γ = 0.882Tc0,
where γ = 0.577 is the Euler’s constant. The scat-
tering rate can be represented as the sum of the spin-
flip scattering rate and the rate of scattering without
spin flip. When H increases from zero to infinity, the
former decreases from 2νs/3 to zero while the latter
increases from νs/3 to νsS/(S + 1). Thus, the total
scattering rate decreases from νs to νsS/(S + 1). For
ν∗s < νs < ν
∗
s (S + 1)/S, if OE and PE are absent, H
induces a superconducting quantum phase transition.
In finite magnetic fields, Tc is calculated numerically
using Eqs. (4)-(6) and (9) in Ref. 1. The results for dif-
ferent S and νs are shown in Fig. 8. The H dependence
of Tc is stronger for S = 1/2 (Ce) than for S = 5/2 (Mn).
